Abstract
Introduction

33
There are relevant diagnostic observations of glaciers such as digital Landsat imagery and  is the strain-rate tensor;  is the 105 second invariant of the strain-rate tensor;  is the ice density; g is the gravitational acceleration;
106
 is the ice effective viscosity; A(T) is the flow-law rate factor; T is the ice temperature;
) (x h s are the ice bed and ice surface elevations, respectively; and L is the glacier length.
108
The boundary conditions and some complementary experiments that were carried out applying 109 this model, were considered in (Konovalov, 2012) . In particular, the technique, when the The inversion of friction coefficient has been carried out using the gradient minimization , 1977) , is the regularization parameter, and q(x) is considered equal to 1. The nonzero 123 value of implies that the inverse problem, i.e., the problem that is based on the minimization of 124 the discrepancy Φ, is ill posed and the original problem of the discrepancy minimization is 125 replaced with the problem of the smoothing functional minimization.
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The details of the gradient minimization procedure and the problem of the regularization 127 parameter choice are discussed in (Nagornov et al., 2006; Konovalov, 2012) . In this manuscript 
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where T  is the elevational gradient. Therefore, Equation (4) provides the boundary condition on 150 the ice surface. However, it should be noted that Eq. (4) does not account firn warming through 151 refreezing meltwater.
152
The boundary condition at the ice base is defined by the geothermal heat flux and by the heating 153 due to the basal friction, and it is expressed as (Pattyn, 2000 (Pattyn, , 2002 154
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where k is the thermal conductivity.
156
The boundary conditions at the ice (ice-shelf) terminus and at the ice-shelf base are defined by 157 sea water temperature, which is considered as C 2  in this study.
The ice thickness temporal changes along the flow line are described by the mass-balance equation (Pattyn, 2000 (Pattyn, , 2002 : M is the melting rate at the ice base.
166
The mass-balance equation requires two boundary conditions at the summit and at the ice In the model the grounding line position is defined from the hydrostatic equilibrium (Schoof, 174 2007; Pattyn et al., 2012; Seroussi et al., 2014) . That is, since sea water flow under ice shelf is not and is the bedrock elevation, is the water density.
Results of the numerical experiments
Inversions for the friction coefficient
184
For the first run of the friction coefficient inversions, the linear ice temperature profile 185 approximation is applied. Specifically, it is assumed that the ice temperature linearly increases 186 from 15°C at the surface to 5°C at the ice base at the division and increases from 2°C to 
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In the prognostic experiments that have been carried out, the mass balance is considered as time-224 independent. That is, the elevational mass-balance distributions are kept unchanged for the 225 considered time period in the future. Thus, we intend to assess the maximum ice thickness in the 226 ice streams in the future, because the forecasts implemented with the time-independent surface 227 mass balance, don't imply a future global warming and, so, they don't suggest a future decreasing of the surface mass balance s M in Eq.(6). Similarly, the ice surface temperature is suggested to The grounding line history, i.e., grounding line retreat or advance, specifically reflects the 248 growing or diminishing ice mass, i.e., the history is an indicator of the glacier evolution. The 249 grounding line retreats (a) along the B-B flow line from 40 km to 30 km ( Fig. 11 (a) ), (b) 250 along the C-C flow line from 43 km to 37 km ( Fig. 11 (b) ), and (c) along the D-D flow line 251 from 41 km to 32 km ( Fig. 11 (c) ) considering a time period of 500 years. coefficients could change drastically, given the simulated changes in glacier geometry.
257
The ice flow velocities in the ice streams decrease with time and this trend diminishes the 258 outgoing ice fluxes in the future. Figure 12 shows the modeled outgoing ice flux histories, i.e., it 259 shows how the value b H u , which is defined at the ice-shelf terminus, changes with time.
260 Accordingly, figure 13 shows the future history of the overall outgoing ice flux, i.e., it is the sum 261 of the three future modeled historical trends that are shown in Fig. 12 .
262
There are small peaks that periodically disturb main historical trends of the three outgoing ice shelves (Bassis et al., 2008) , from the mathematical point of view it can be suggested that at long-267 time scales the calving processes are described by a stochastic model, which considers the size of 268 the anticipated ice debris as a random value. This value satisfies a probability distribution law, for 269 instance, likewise the Gaussian distribution. In the model we considered the simplest probability 270 distribution, i.e. when the debris of equal length occur at each calving. Thus, the length of ice 271 debris is the parameter, which, in particular, corresponds the average length in a probability 272 distribution law (for instance, in the Gaussian distribution).
273
In this model the both ice-shelf length and ice-shelf thickness at the terminus are considered as 274 the variables that should satisfy a certain conditions. If the ice-shelf length exceeds a value (the parameter of the model) or the ice-shelf thickness beside the terminus becomes smaller than a value , then the calving of the appropriate part of ice occurs in the model.
277
To investigate the impact of the parameters on the results of the modeling, the parameters were 
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The reduction in the existent friction coefficient variability is associated with a growing 298 discrepancy between the observed and modeled surface velocities. Thus, the regularization parameter is chosen as the value at which nonexistent perturbations are reduced, but the real 300 variability of the friction coefficient is not completely reduced by the stabilizing functional. The 301 optimal value of the regularization parameter can be defined approximately in the curve, which is 302 the deviation between the observed and modeled surface velocities versus the regularization 303 parameter (Leonov, 1994; Konovalov, 2012) .
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Evidently, the stabilizing functional narrows down the range of possible inverted x-distributions 305 of the friction coefficients. Thus, it is supposed a priori that the real spatial distribution of the 306 friction coefficient with respect to the x-axis is a smooth function. Moreover, the friction 307 coefficient in the friction laws is considered as a constant (e.g., Van der Veen, 1987; MacAyeal, 308 1989; Pattyn, 2000; Gudmundsson, 2011) . Hence, the friction coefficient inversion performed for 309 the three cross-sections can be interpreted as follows.
310
The two evidently distinguished levels in the inverted friction coefficient distributions can be water-saturated till layer at the bottom (e.g., Engelhardt et al., 1978; Engelhardt et al., 1979; 316 Boulton, 1979; Boulton and Jones, 1979; MacAyeal, 1989; Engelhardt and Kamb, 1998; Iverson 317 et al., 1998; Tulaczyk et al., 2000) . Specifically, the till layer (deformable basal sediments) 318 provides the basal ice sliding.
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The modeled present ice temperatures ( Figure 5 ) are qualitatively the same in the three cross- 
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These cold ice zones reflected the surface temperature minimum about 150-200 years ago in the 323 inverted past temperature history (Nagornov et al., 2005 (Nagornov et al., , 2006 significant impact due to melt water refreezing of the ice temperature profiles depending on the 335 melt water percolation depth. Thus, the notion that the basal ice temperature is higher than the 336 modeled temprature and could reach the melting point cannot be fully excluded.
337
General formulations of the friction laws assume that the appropriate equations include the 338 effective basal pressure (e.g., Budd et al., 1979; Iken, 1981; Bindschadler, 1983; Jansson, 1995; 339 Vieli et al., 2001; Pattyn, 2000) . Introduction of the effective pressure in Equation (2) Knight , 1999; Vieli et al., 2001) or by a hydrological processes (e.g., Röthlisberger, 1972; Nye, 348 1976; Hewitt, 2011; Hoffman and Price, 2014) . Therefore, the water content in the bedrok layer can vary in agreement with the bed elevation changes, and the enhancement of water content at 350 lower elevations provides a decrease in the friction coefficient in the corresponding areas. 
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The prognostic experiments reveal that both ice mass and ice stream extents decline for the (Fig. 12) and as a result diminish the overall 368 ice flux (Fig. 13) . Specifically, the till layer provides the basal ice sliding.
392
The prognostic experiments carried out with the reference mass balance (Bassford et al., 2006) 393 show that the grounding line has been retreated at about 10 km in the three ice streams showing the evolution of C-C' ice shelf. 
